Further process development research is designed to determine both the technical and economic potential of such a process.
Background
The fate of trace elements liberated in the combustion process can be influenced by the type of boiler, the operating conditions, other species present in the flue gas, and the FGC system. Mercury is a particular problem because it belongs to a group of elements and compounds denoted as Class I D , which remains primarily in the vapor phase within the boiler and subsequent FGC system. Wet scrubbing is commonly used to control gas-phase species, but in field tests conducted by DOE and EPRI, mercury removal in wet FGD systems has been highly variable. Removal values have ranged from about 10% to over 80%?
Much of this variation may be caused by differences in the chemical form of the mercury. The presence of chlorine in coal means that mercury can be found in both the elemental and oxidized forms, with the relative amounts depending on such factors as the ratio of chlorine to mercury, the gas temperature, and the gas residence time at various temperature^.^ While other species are also possible and may be present in small amounts, these two appear to be the most significant for control considerations. The huge difference in solubility between the two species is particularly important in wet scrubbing applications.
Argonne's research has focused on the control of elemental mercury. Initial experiments4 used a laboratory-scale wet scrubbing system that had been well characterized in previous work on combined sulfur dioxidehitrogen oxides c o n t r~l .~ For those tests, the feed-gas stream consisted of nitrogen with about 40 pg/m3 of H g ' . The scrubber was first operated as a partially flooded column with water, a calcium hydroxide solution, or a calcium hydroxide solution plus potassium polysulfide as the scrubbing liquor. No appreciable mercury removal was found in any of those cases.
Some improvement was found when ceramic-saddle packing was added to the scrubber, but the removals were still under 10%. More promising results were found when the packing was changed to stainless steel and used in conjunction with potassium polysulfide in the scrubbing liquor. Removals of up to 40% were obtained. However, the use of the polysulfide in FGD systems could be precluded by the fact that a very high pH is required to maintain its stability.
At that point in the program, the emphasis was shifted to the study of techniques for changing the chemical form of mercury in order to produce a more soluble species. Tests were conducted w i t h several additives that combine strong oxidizing properties with relatively high vapor pressures (e.g., chlorine). Tests with minimal gas-liquid contacting yielded mercury removals as high as 100% and indicated that the removal reactions were occurring in the gas phase above the scrubber liquor. However, tests with the addition of sulfur dioxide to the gas stream showed the additives to be very reactive with that species as well, which could result in excessively high additive consumption in order to realize effective mercury control.
Next, tests were conducted with a chloric-acid-based chemical, NOXSORBW, which is a product of the Olin Corporation. Typical feed-gas compositions included 1, OOO ppm sulfur dioxide, 200 ppm nitric oxide, 15% carbon dioxide, and 33 pg/m3 of Hg' . Figure 1 shows removal data from a batch test with a dilute (4%) solution of the as-received NOXSORBm concentrate. An outlet reading of zero was obtained for Hgo for approximately 24 min. During that period, the nitric oxide outlet concentration decreased rapidly to near zero and then rose gradually to where it was almost equal to the inlet value.
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The breakthrough in the outlet Hgo concentration (the point at which the concentration rose above zero) appeared to coincide with the point at which the nitric-oxide concentration leveled off. The apparent correlation between the two removals appeared to imply that the mercury was reacting with a product or intermediate of the nitric-oxide removal process. A moderate degree of sulfur-dioxide removal was also observed during the time the N0XSORBm solution was circulating.
The results of that test and others indicated that not only could effective mercury removal be achieved via this approach, but that a combined process that also removed nitric oxide might be feasible. To explore in more detail the interactions among Hgo, oxidizing additives, and the various flue-gas species, a series of experiments using bubblers was designed. The following sections of this paper describe the experimental setup, procedures, and results of those tests.
Experimental Setup and Procedures
For these experiments, a simulated flue gas was passed through a series of three bubblers for 30 min. A solution of the reactive chemical to be tested was placed in the first bubbler and the degree of Hgo conversion was determined by comparing the amount of mercury found in the bubbler solutions with the total amount of Hgo fed in the flue gas. The Hgo concentration in the gas was typically 45 pg/m' .
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The source of Hgo was a calibrated and certified permeation tube from VICI Metronics, which was placed in a constant-temperature water bath controlled to f 0.5"C. Bottled, high-purity (99.998%) nitrogen gas flowed around the permeation tube to produce a gas stream with a constant concentration of Hg' . This stream was then combined with another gas stream containing nitrogen and other gaseous components, such as oxygen, carbon dioxide, nitric oxide, and sulfur dioxide. Carbon dioxide was used as a carrier gas for the nitric oxide. Oxygen was obtained from a laboratory air line without further purification. Carbon dioxide, nitric oxide, and sulfur dioxide were used from bottled gases without further purification. The nominal purities for these gases were as follows: carbon dioxide, 99.5%; nitric oxide, S9.096; and sulfur dioxide, >99.98%. Mter blending, the initial gas composition was checked by using standard flue-gas analyzers from One objective of the bubbler experiments was to determine the degree to which the important reactions were occurring in the gas phase, the liquid phase, or both. However, this was difficult to determine from the initial arrangement. We could presume that mercury found in the second bubbler was due to gasphase reactions, assuming that liquid carryover from the first bubbler was negligible. However, the situation in bubbler #1 was more complex. We could not distinguish between gas-phase reactions occurring inside the gas bubbles followed by rapid dissolution of products into the liquid phase versus gas-phase dissolution at the gas-liquid interface followed by a rapid liquid-phase reaction. To gain some insights into this issue, a second series of tests was performed, wherein the open-end inlet tube on bubbler #1 was replaced with a fritted-glass cylinder having a coarse porosity. This gas diffuser greatly decreased the size of the bubbles (by about an order of magnitude) passing through the liquid in the first bubbler, thereby incmasing the degree of gas-liquid contact. Thus, we can assume that the results of the small-bubble tests were significantly more influenced by gas-liquid interactions than the corresponding large-bubble tests.
Experiment Results and Discussion
Before any tests were performed with various solutions in bubbler #1, a number of baseline tests were c d e d out with only distilled water in all three bubblers. When no Hgo was added to the gas stream, no mercury was found in any of the bubbler solutions. This result demonstrated that the system was free of mercury contamination to the detection limit (k 0.02 pg/L, or i 0.003 pg mercury in 150 mL of water) of the analytical method. Such baseline tests were run periodically to ensure that no mercury contamination had built up during testing. Two tests were performed with Hgo added to the feed-gas stream, but again with only distilled water in all three bubblers. For one test with large bubbles, amounts of mercury barely above the detection limit (0.004-0.005 pg in 150 mL) were found in each of the three bubblers. This amount may be compared with the calculated amount of Hgo in the gas stream of 1.9 pg for the 30-min test. This result showed that the amount of Hgo removed using only distilled water was less than 0.3%.
For a similar test with small bubbles, no mercury was found in either bubbler #1 or bubbler #2. Therefore, any amount of mercury found in the bubblers above these baseline amounts must be from reactions of Hgo with components of the various solutions tested in bubbler #l.
To verify that the effects of other flue-gas components were due to interactions with the test solutions, experiments were run in which the bubblers contained only water. The synthetic flue gas contained either nitrogen, oxygen, sulfur dioxide, and Hg' , or nitrogen, oxygen, sulfur dioxide, carbon dioxide, nitric oxide, and Hg' . In both cases, less than 1% of the inlet mercury was found in the liquid phase at the end of the experiment. Thus, the flue-gas species alone are not capable of affecting the solubility of mercury.
The following sections discuss the results of experiments with several different reactive agents in the bubbler #1 solution. The discussion is divided into two sections, with the results for the large-bubble, open-ended tube presented first, followed by the results for the small bubble, coarse-fritted-cylinder inlet.
Large Bubble Tests

Iodine Solutions
A commercial preparation of 0.100 N iodine solution was diluted to make up various iodine concentrations. Note that commercial iodine solutions generally contain potassium iodide as a stabilizer, as well as dissolved iodine. Previous experiments in our laboratory had shown that iodine solutions react rapidly with mercury vapor in gas streams containing only Hgo and nitrogea6 However, those tests were performed with only a gas-phase Hgo analyzer to measure the mercury concentration in both the feed and effluent gas streams. We recently showed that the analyzer is unreliable for measuring Hgo in various complex gas mixtures. The tests reported here are the first ones in which liquid-phase mercury has been analyzed.
Using a solution of about 125 ppb iodine in bubbler #1, we found that more than 90% of the inlet mercury was retained in the bubbler solutions when only nitrogen and Hgo were in the feed-gas stream. When oxygen and carbon dioxide were added to the gas mixtue, Hgo removal was reduced to about 6%. Only one test was performed with a higher iodine concentration in bubbler #1(-250 ppb iodine). This test, again conducted with a gas stream containing only Hgo and nitrogen, did not give a result substantially different from the lower concentration test (-81% Hgo removal). However, when either nitric oxide or sulfur dioxide (or both) were added to the gas mixture, the amount of mercury found in the bubbler solutions went either to zero (for nitric oxide or for nitric oxide plus sulfur dioxide) or close to zero (-1% for sulfur dioxide).
In earlier unpublished work in our laboratory, we found that the concentration of gaseous Hgo was substantially teduced simply by passing Hgo vapors (mixed with nitrogen gas only) over an agitated iodine solution (-250 ppb). These tests showed that the most likely Hgo removal mechanism was a rapid gasphase reaction between iodine vapors and Hg' , probably yielding mercuric iodide. This gas-phase reaction may explain why a considerable portion (-35%) of the total mercury found in the liquid phase was found in bubblers #2 and #3. However, as discussed above, we cannot exclude the possibility that some of the mercury found in bubbler #1 was from a liquid-phase reaction at the gas-liquid interface. Indeed, a published report on the reaction of iodine in solution with dissolved Hgo stated that "the rate was too fast to measure."' The product of the solution reaction was shown to be mercuric iodide by its ultraviolet spectrum. Therefore, without further modeling studies and knowledge of the rate constants (no experimental data on the gas-phase reaction of Hgo with iodine could be found in the literature), we cannot specifically analyze how much of each reaction (gas phase versus liquid phase) is responsible for the mercury found in bubbler #l.
We conclude that the reaction of Hgo with iodine is extremely rapid in the gas phase. However, the presence of other gases readily interfem with this reaction. Whether this interference is caused only by reaction of iodine with the other gaseous components, or whether another mechanism is responsible for the interference, cannot be determined from these tests. In any case, iodine does not appear to be an attractive option for the oxidation of elemental Hgo in the presence of gases other than nitrogen.
Bromine Solutions
A commercial solution containing 3% bromine (by weight) was used to prepare a solution containing about 250 ppm bromine. This concentration was chosen so that the reagent cost would be approximately equal to that for a 2,500 ppm chlorine solution. This solution was tested with three different gas compositions. Results for those tests are given in Table 2 as percentages of the total inlet mercury found in the liquids from all three bubblers. In other words, we first calculated the total amount of Hgo in the gas phase that entered the bubbler apparatus based on the known rate of Hgo permeation multiplied by the 30-min duration of each test. Then, the total mercury in the bubblers was found by adding the amounts found in the individual bubblers (in general, bubbler #3 was not analyzed for mercury unless a significant amount was found in bubbler a). Finally, the total liquid-phase mercury was divided by the total gas-phase mercury, and the result was multiplied by 100 to yield a percentage. As can be seen in Table 2 , the highest Hgo removal was obtained in the test without either nitric oxide or sulfur dioxide.
Adding nitric oxide to the gas mixture resulted in a significant decrease in the Hgo removal, while adding sulfur dioxide resulted in an even larger decrease in the removal performance. This decrease was presumably caused by the consumption of bromine in reactions with the two species, which in the case of dissolved sulfur dioxide would yield bromide and sulfate ions.
Chlorine Solutions
Solutions of molecular chlorine are more complex than those of iodine because of the greater tendency of chlorine to disproportionate in aqueous solution to hypochlorous acid and chloride ions. Bromine demonstrates intermediate characteristics in this regard. Commercial chlorine solutions are sold as sodium hypochlorite because, in alkaline solutions, the equilibrium between molecular chlorine and hypochlorite ions greatly favors the latter. Nonetheless, because of the various equilibria involved, detectable amounts of chlorine will exist in both the gas and liquid phases. Table 3 presents the results for the removal of Hg by chlorine solutions, which appear to depend both on the composition of the feedgas mixture and, in some cases, on the concentration of the chlorine solution.
For gas mixtures containing only oxygen and nitrogen, the Hgo removal did not change appreciably for different chlorine solution concentrations. To help us understand the observed behavior, we surveyed the literature for data on the gas-phase reaction of Hgo with chlorine. Recent modeling work has assumed the rate constant to be very small.* However, laboratory experiments have yielded conflicting results. Some workers have found this reaction to be slow? while others have found it to be relatively fast" Still other work has shown the reaction of Hgo with chlorine to be surface catalyzed." It appears from these conflicting results that one must be very careful in interpreting data for this reaction. Our data suggest that the rate of reaction between Hgo and chlorine is not fast, because not much change in Hgo removal was observed with increasing chlorine concentration. Our conclusion on the gas-phase reaction of Hgo with chlorine is that it is slow unless there is an appropriate surface available to catalyze the reaction.
For the gas mixtures containing nitric oxide or nitric oxide plus sulfur dioxide, Hgo removal increased with increasing chlorine concentration. However, the rate of increase differed for the two gas mixtures. Addition of nitric oxide to the feed-gas mixture appeared to have a definite positive effect on the amount of mercury transferred to the liquid phase, as compared with the removals obtained with only oxygen and nitrogen present. An explanation for this behavior might be that nitric oxide reacts with chlorine to yield nitrosyl chloride. This reaction has been described in the literature and appears to occur rapidly at room temperature.12 Although we could not find a literature reference to the reaction of nitrosyl chloride with Hgo, one paper did report that nitrosyl chloride oxidizes mercurous chloride to mercuric chloride, as well as oxidizing elemental zinc and ~0pper.l~ Our conclusion for the reaction of Hgo in the presence of nitric oxide is that nitrosyl chloride probably reacts faster with Hgo than chlorine does.
The results in Table 3 also show that when sulfur dioxide is added to the feed-gas mixture, Hgo removal is much lower at the lower chlorine concentrations than when sulfur dioxide is not present. However, at the highest chlorine concentration studied (5,000 ppm), the Hgo removal performance with sulfur dioxide present was actually slightly higher than the performance without sulfur dioxide. It is difficult to postulate a mechanism in which the presence of sulfur dioxide could actually increase the oxidation of Hgo by chlorine, because it is well known that sulfite ions will reduce molecular halogens to their corresponding halides. Perhaps the improvement in Hgo removal with chlorine concentration can be understood as simply the result of an excess of chlorine that swamps the reaction between dissolved bisulfite (from absorbed sulfur dioxide) and chlorine and/or hypochlorite ions in solution. 
Chloric-Acid Sdurions
Chloric-acid solutions were prepared from concentrated NOXSORBm, which has a nominal composition of 17.8% chloric acid and 22.3% sodium chlorate. Tests with three different concentrations were performed: 0.71% chloric acid (251 dilution of the concentrated stock solution), 1.78% chloric acid (10: 1 dilution), and 3.56% chloric acid (5: 1 dilution). The primary vapor-phase species above these solutions is thought to be chlorine dioxide. However, chlorine dioxide is very reactive and readily photolyzes to molecular chlorine and oxygen. Also, in the presence of moisture, chlorine dioxide can produce a number of different chlorine oxyacids, such as hypochlorous acid and chlorous acid. Therefore, a large number of different species may be present in the vapor above a chloric-acid solution.
To the best of our knowledge, there has been no previous research addressing the reaction of Hgo with either chlorine dioxide or chlorate anions.
Results of our tests with different chloric-acid concentrations are shown in Table 4 . The change in Hgo removal from a solution of 0.71% chloric-acid concentration to one with about a five times higher concentration is about the same for each of the three different feed-gas mixtures. In each case, the Hgo removal was about a factor of two higher with the 3.56% chloric-acid solution. Next, we note that gas mixtures containing nitric oxide showed a substantially higher Hgo removal than the gas mixtures without nitric oxide. This result is similar to what was observed with chlorine solutions. However, a different chemical mechanism is probably responsible in this case. The reaction of nitric oxide with NOXSORBm solutions may produce hydrochloric and nitric acids among its prod~cts.'~ Because nitric acid dissolves liquid elemental mercury, we propose that this gaseous by-product causes the improved Hgo removal when nitric oxide is present in the gas stream. The results of these tests suggest that the gas-phase reaction of Hgo with nitric acid might be rapid and should be examined further.
Contrary to the behavior observed with chlorine, we found that for both concentrations studied, the presence of sulfur dioxide in the feed-gas stream reduced the Hgo removal by about 30% from the level without sulfur dioxide (but with NO). Also in contrast to the behavior observed with chlorine solutions, it appears that within this range of chloric-acid concentrations, the reduction in Hgo removal when sulfur dioxide is present cannot be overcome with higher chloric-acid concentrations. This result again points to the possibility that a mechanism different from chlorine oxidation of Hgo is operating for these solutions.
Small-Bubble Tests
The small-bubble tests were performed to learn more about the relative importance of gas-phase versus liquid-phase mechanisms in the Hgo removal processes. For a constant volume of gas, the smaller bubbles -produce a larger gas-liquid contact area, which is proportional to the total gas-bubble surface area. Thus, it was expected that the small-bubble tests might be dominated by gas-liquid interactions, in contrast to the large-bubble tests where gas-gas interactions would be more important.
Bromine Solutions
Only two bromine tests were performed with the small-bubble apparatus. Both tests used a solution of 250 ppm bromine in bubbler #1. One test used a feed-gas mixture of oxygen plus nitrogen (plus Hg") and gave a Hgo removal of 53.2%. This test may be compared with a similar large-bubble test that gave a removal of 71.196. A second test used a feed-gas mixture of oxygen plus nitrogen plus carbon dioxide plus nitric oxide and gave a Hgo removal of 28.5%. This test may be compared with similar large-bubble tests that gave a Hgo removal of 46.8% (average of two tests). Because the large-bubble tests gave better Hgo removals in both cases, gas-phase interactions for bromine may be more effective for Hgo oxidation and subsequent removal than any gas-liquid interactions. Another possibility is that the reactive species for oxidation may be more effectively degraded through reactions involving the gas-liquid interface.
Chlorine Solutions
Results for the small-bubble tests using chlorine solutions are shown in Table 5 . The remarkable result found for these tests is that approximately the same Hgo removal performance (16.5% f 1.9%) was observed regardless of chlorine concentration (from 100 ppm to 2,500 ppm) or gas composition. This finding indicates that a single mechanism, most likely involving gas-liquid contact, is dominating Hgo removal under these conditions. By comparing the data in Tables 3 and 5 , it appears that gas-phase interactions become more important for higher chlorine concentrations (>250 ppm ) and for feed gas mixtures containing either nitric oxide alone or nitric oxide plus sulfur dioxide. Tables 4 and 6 , it again appears that gas-phase interactions become more important at higher chloric-acid concentrations (>lo%) and with either nitric oxide alone or nitric oxide plus sulfur dioxide present in the gas stream.
Chbric-Acid Solutions
Conclusions
Previous research at Argonne and elsewhere has indicated that typical wet FGD systems are not effective in controlling emissions of elemental mercury. Although more intensive scrubbing with the addition of certain types of packing may yield some degree of control, a more effective approach could be to convert the mercury into a form that is readily absorbed. Our research thus far has shown that halogen-containing solutions are capable of promoting gaseous, elemental-mercury removal by aqueous solutions, presumably by oxidizing the Hgo to soluble compounds, such as mercuric chloride. The specific behavior of these solutions depends on many factors, including the reactive species, the gas-phase composition, and the degree to which gas-gas or gas-liquid reactions are important.
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An FGD process modified for mercury control would probably involve upstream injection of a reactive species, with Hgo conversion depending upon gas-phase reactions. Our large-bubble tests emphasize gas-phase interactions and yield several conclusions. Iodine solutions can be effective in oxidizing Hgo, even at very low concentrations (< 1 ppm). This appears to be due to a rapid gas-phase reaction.
However, that effectiveness is lost when species other than nitrogen and Hgo are in the gas stream. For bromine, somewhat higher concentrations (250 ppm) again produced substantial conversion of Hgo, but the addition of nitric oxide and suIfur dioxide diminished that conversion significantly. Thus, neither iodine nor bromine is likely to be cost-effective in a commercial system. I A different pattern of behavior was found for solutions containing chlorine or chlorine compounds. Chlorine solutions showed no dependence on concentration when nitric oxide and sulfur dioxide were absent, indicating that the mercury-chlorine reaction is probably slow without the presence of a catalyst.
Addition of nitric oxide to the gas stream greatly increased the amount of Hgo removed. This increase in removal may have been due to the formation of an intermediate compound, such as nitrosyl chloride, which reacted rapidly with the Hgo. On the other hand, sulfur dioxide depressed the Hgo removal, at least at lower concentrations. Nevertheless, the removal appeared to increase with chlorine concentration when either nitric oxide alone or nitric oxide plus sulfur dioxide were added to the gas stream.
Mercury removal with chloric-acid solutions also appeared to increase with increasing chloric-acid concentration regardless of gas composition. In a similar manner to chlorine, the presence of nitric oxide greatly increased Hgo removal. In this case, the important gas-phase reaction may involve nitric acid formed from the reaction of nitric oxide and chloric acid. The presence of sulfur dioxide decreased Hgo removal, but it remained intermediate to that with and without nitric oxide.
For the small-bubble tests, gas-liquid interactions should play a larger role. The tests with bromine indicated that gas-phase reactions are probably more effective for Hgo oxidation than gas-liquid interactons. For both chlorine and chloric-acid solutions, Hgo removal appeared to be constant regardless of solute concentration or gas-phase composition. The average removal with chlorine solutions was about 17%, while the average removal with chloric-acid solutions was about 34%. In comparing these results with those for large bubbles, it appears that (within the range studied) higher concentrations of either chlorine or chloric acid could be effective for gas-phase oxidation of Hg' , even in the presence of nitric oxide andor sulfur dioxide. As indicated in the earlier scrubber experiments, some degree of nitricoxide removal may also be obtained as part of the reaction mechanism. Soluble oxidation products could then be removed in a downstream aqueous scrubber system. Further scrubber experiments are being designed to test the potential of this approach for yielding an integrated sulfur dioxiddnitrogen oxidedmercury control process.
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